The feasibility of using Deinococcus showing strong resistance to both desiccation and ionizing radiation as a dose indicator of gamma radiation exposure was evaluated. Three Deinococcus strains having different levels of radiation resistance, Deinococcus radiodurans (DRD), Deinococcus radiopugnans (DRP), and the DRD pprI mutant (DRM), were selected to develop an appropriate dose indicator for a broad range of exposures. DRD, DRP, and DRM cultures with different numbers of cells [~10 7 to 10 3 colony forming units (CFU)/100 µl] were lyophilized and subjected to various doses of gamma radiation to determine a critical dose that inhibited bacterial growth completely. Finally, a combination of DRD at ~10 7 and 10 6 CFU, DRP at ~10 5 CFU, and DRM at ~10 4 CFU successfully indicated exposure to 5, 10, 20, and 30 kGy of gamma radiation, respectively. This study shows the possibility of developing a qualitative indicator of radiation exposure using Deinococcus.
Gamma (γ)-ray irradiation is now firmly established as a method of sterilization for food and medical devices [12] . According to Nordion Inc., more than 40% of all singleuse medical supplies such as syringes and sutures are sterilized using γ-ray irradiation, and over 100 types of food have been approved for irradiation in 40 countries (http:// www.nordion.com/our_products/sterilization_technologies.asp). This has also caused an upsurge in the development of suitable indicators for monitoring radiation exposure. A few types of chemical radiation dose indicators have been developed and are commercially available for use in radiation sterilization, including Gamma Radiation Sterilization Indicator Labels (Evergreen Medicals, Guang Dong, China), EZ-indicator Gamma CPI Labels (LG International, Portland, OR, USA), and NAMSA Radiation CPIs (North American Science Associates, Inc., Northwood, OH, USA). These are essentially chemical indicators featuring stick-on labels that undergo a simple color change when exposed to γ-ray radiation in the range of 3-25 kGy. Such chemical indicators are easy to use and save labor, but they only respond to the dose applied (i.e., they cannot verify the microbial inactivation efficiency after the radiation sterilization process). Therefore, using a dose indicator composed of microorganisms combined with a conventional dosimetric system for verification of the applied radiation dose may be better [13] .
Bacillus spores [05290 Sterility Indicator (Sigma, Buchs, Switzerland) and Etigam ES strip (Etigam, Apeldoorn, The Netherlands) have been widely used to validate radiation sterilization processes as a sterility indicator for judging the sterility assurance level (SAL = 10 -6 ) as defined in International Sterilization Standard (ISO) 11137 [5, 9] . Bacillus spores could be used to develop a microbial dosimetric system, but an extended period of time and additional cost would be required to obtain enough Bacillus spores compared with using vegetative bacterial cells [11] . For this reason, various attempts have been made to enhance Bacillus spore yields [2] .
The genus Deinococcus is well known for its extreme radiation resistance: 10% survival (D 10 ) in Deinococcus radiodurans has been reported at a dose of ~10 kGy [3] . The radiation resistance of Deinococcus is assumed to be an incidental outcome of its strong resistance to desiccation [1] , which is common in the environment [8] . This characteristic is useful in the manufacture of a Deinococcus bioindicator because it enables Deinococcus to endure prolonged dry conditions, which is a prerequisite for longterm storage. In this study, we examined the suitability of different Deinococcus strains as a radiation dose indicator.
A microbial dose indicator that is able to cover a broad range of radiation exposures (5-30 kGy) should comprise Deinococcus strains having different radiation resistances.
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Phone: +82-63-570-3140; Fax: +82-63-570-3149; E-mail: fungikim@kaeri.re.kr DRD and Deinococcus radiopugnans (DRP) were obtained from the American Type Culture Collection (ATCC 13939 and 19172, respectively). We previously compared the radiation resistance of several wild-type Deincococcus strains, DRD, DRP, Deinococcus proteolyticus, and Deinococcus radiophilus [7] . Of these, DRD, which exhibited the highest level of radiation resistance, and DRP without an initial shoulder dose were selected to receive high (~20 kGy) and medium (~10 kGy) doses, respectively. To select a strain suitable for low doses of radiation (~5 kGy), we constructed a mutant strain of DRD lacking pprI, as the disruption of pprI causes sensitivity to 2 kGy of radiation [6] . A pprI mutant strain of DRD, designated as DRM (KDH001), was constructed by direct insertional mutagenesis, as reported previously [4] . First, a DNA fragment containing pprI (1.4 kbp) was amplified by polymerase chain reaction (PCR) from DRD chromosomal DNA using the primers pprIF (5'-GCAGGAATACGTCGC CCTGGTCGA-3') and pprIR (5'-GCTGGGGACGGG AAACCCGAA-3'). The product was cloned into a pGEM-T easy vector (Promega, Madison, WI, USA) and digested with AfeI, which cleaved the product in the pprI coding region. The linearized plasmid was then ligated to a 0.9 kbp HincII fragment containing the chloramphenicol resistance gene (cat) from pKatCAT5 [10] . The resulting plasmid was designated pMU-PPRI. A DNA fragment carrying the pprI::cat mutation region was amplified from pMU-PPRI using the primers pprIF (5'-CGTGCTCCT CAAGCTCTAC-3') and pprIR (5'-CGTTGAGGATGC CCATCAC-3') and transformed into DRD cells. Colonies able to grow on chloramphenicol-supplemented (3 µg/ml) TGY plates (0.5% tryptone, 0.1% glucose, 0.3% yeast extract, and 1.5% agar) were collected, and insertion of the cat gene into pprI was confirmed by means of genomic PCR ( Fig. 1) and subsequent sequencing.
To prepare lyophilized Deinococcus strains, the strains were cultured to the stationary phase at 30 o C in liquid TGY medium with shaking. The cultures (100 ml) were harvested by centrifugation at 4 o C and 6,000 ×g for 15 min and resuspended in saline [0.85% (w/v) NaCl] to give ~10 9 colony forming units (CFU)/ml; the cell suspension was then serially diluted 10-fold in saline from 10 8 to 10 4 CFU/ml. A 100 µl volume (10 7 to 10 3 CFU) from each diluted suspension was transferred to an Eppendorf tube (1.5 ml) and lyophilized after freezing at -70
To make a qualitative indicator of the radiation dose, we determined the "critical dose" of radiation that completely inactivates Deinococcus. Since microbial inactivation kinetics vary depending on the number of cells exposed to incremental doses of radiation, we checked the critical dose for the lyophilized Deinococcus strains using different CFU (10 7 to 10 3 CFU/tube). Lyophilized Deinococcus samples were irradiated at room temperature using a cobalt-60 γ-ray irradiator (point source, AECL, IR-79; MDS Nordion International Co. Ltd., Ottawa, Canada). The source strength was approximately 215 kCi at a dose rate of 15 kGy/h. Following irradiation, the Deinococcus strains were suspended in 100 µl of saline and 10 µl was spotted on TGY agar. The plates were then incubated at 30 o C for 2.5 days for colony formation. A marked decrease in the number of culturable cells occurred at 25 and 15 kGy using inocula consisting of 10 7 and 10 6 CFU, respectively. Inocula comprising 10 5 CFU or less were completely inactivated by 10 kGy of radiation (Fig. 2) . DRP and DRM were irradiated with doses of 4-20 kGy in 4 kGy steps and 2-10 kGy in 2 kGy steps, respectively (Fig. 2) . We chose 10 5 CFU for DRP and 10 4 CFU for DRM, because at these concentrations, doses of 8 and 4 kGy caused a marked reduction in the DRP and DRM populations, respectively (Fig. 2) . At other concentrations, the radiation dose causing a clear reduction in population size was either too high or too low to be selected (data not shown).
Next, we narrowed down the radiation dose range and intervals. As shown in Fig. 3 , DRD (10 7 CFU) was irradiated with 20-30 kGy at intervals of 2 kGy; 30 kGy was the critical dose. Similarly, 20 and 10 kGy were the critical doses for DRD (10 6 CFU) and DRP (10 5 CFU), respectively (Fig. 3) . In the case of 10 4 CFU for DRM, a dose of 4 kGy seemed to be sufficient for total inactivation, but we set 5 kGy as the critical dose for reasons of Purified PCR fragments were amplified from the genomic DNA of the wild-type D. radiodurans (DRD) and its isogenic pprI mutant strains (DRM). The PCR products of DRD exhibited a band at ~1,609 bp, whereas those of DRM were ~2,531 bp. M denotes DNA size markers. reliability (Fig. 3) . A combination of four concentrations of three Deinococcus strains was selected as the dose indicator suitable for high, intermediate, and low radiation doses. This set consisted of DRD (10 7 and 10 6 CFU), DRP (10 5 CFU), and DRM (10 4 CFU). To confirm the efficacy of this combination, the set was irradiated with 3, 5, 10, 20, and 30 kGy. Although the viability of DRP and DRM was reduced when 3 kGy of radiation was applied, some cultivability remained (Fig. 4) . However, as the applied dose increased from 5 to 30 kGy, a lack of cultivability was detected, first in the weakly (DRM) and then in the strongly (DRD) radiation-resistant strains; the decrease in number of culturable DRD cells occurred in a cell concentration-dependent manner (Fig. 4) . These results suggest the potential of a Deinococcus dose indicator for radiation. Given that microbial inactivation kinetics are dependent on many factors, including the irradiation dose rate and storage conditions for the duration period, further research is needed to assess the reproducibility of this indicator. 
